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SUMMARY 
This thesis describes the principle of machining by ultrasonic means, including an 
explanation of the mechanisms involved in machining by ultrasonic and the principle 
of the design of an ultrasonic machining head. 
A prototype ultrasonic head for machining application has been developed to be 
attached to a standard milling machine . The ultrasonic head is designed to operate 
with diamond impregnated tools or with abrasive sluny as the cutting media in order 
to provide a wide range of machining applications such as drilling round and non-
round holes as well as milling, threading and turning, using different adaptors with the 
same ultrasonic head. 
Prelintinaiy experiments have been canied out to study the performance of the device. 
Core diamond impregnated tools have been used for these preliminary experiments. A 
3 and an 8 mm diameters core drills with 1.5 and 2 mm, respectively, centre hole 
diameters have been used to drill holes in ceramics. 
The material removal rate (M.R.R) obtained by these drills was about 75!2_.  for the 
min 
3mm diameter drill and about 1802 ' for the 8mm drill. 
nun 
As these drills were not diamond plated inside the centre holes, they tend to wear, 
probably due to excessive friction acting between the tool and the slug, which is pro-
duced when drilling with centre hole core drills. 
Although the machining rate is quite impresive, further study on tool behaviour is 
needed to solve the problem of tool wear. One way would be to try to avoid the for-
mation of slugs by using solid drills or off-centre core drills. 
However centre hole core drills are desirable for deep hole drilling and to reduce the 
amount of material removed. Such drills evidently require coating with diamonds 
inside the hole. 
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1. INTRODUCTION 
1.1 Why ultrasonic machining? 
In general terms, ultrasonic machining (U.S.M) is just another method to machine 
materials. The questions which immediately arise are: "Why use ultrasonic machining 
if there are other techniques? What makes ultrasonic machining so special relative to 
the other techniques?". 
It is not so simple to answer these questions , because each method has its own advan-
tages and disadvantages. For this reason it is sometimes difficult to recommend or to 
chose the best technique to be used. 
In principle ; the applying of any method of machining depends on many parameters, 
such as: 
The physical properties of the material to be machine (e.g. modulus of elasticity, 
hardness, brittleness, etc); 
Economic factors (e.g. material removal rates, costs of equipment, etc); 
C) Performance ( e.g. accuracy, surface finishing etc); 
d) Tools to be used; etc. 
As an example, the development of hard metals led eventually to the development of 
E.CJVL and E.D.M. (Electro Chemical Machining, and Electro Discharge Machining, 
respectively ) which are not effected by the hardness of the material to be machine. 
The limitation of E.C.M. and E.D.M. as production techniques, however, is that they 
are suited only to the machining of electrical conductive materials. 
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The development of new hard and brittle materiais, such as ceramics, materials which 
are not electrical conductors led to the development of ultrasonic machining in which 
the machining mechanism is independent of the electrical conductivity and hardness of 
the material to be machine. On the contraiy, the higher the hardness and the brittleness 
the better the machining by ultrasonic means. 
In most cases, ultrasonic machining is more expensive and a more complicated tech-
nique compared with the conventional methods of machining. So, ultrasonic machining 
will be employed in cases where conventional methods cannot be used to achieve the 
required results (including accuracy and surface finishing). In some cases ultrasonic 
machining may be applied to improve the results of the machining operation, in other 
cases, the performance of the machining method can significantly be improved only by 
adding ultrasonic vibrations to the existing method; e.g. improving E.C.M and E.D.M 
by adding ultrasonic vibrations; and finally, there are some circumstances where ultra-
sonic machining is the only method which can used to do the job. 
1.2 Applications of ultrasonic 
Ultrasonic techniques are well established and widely used in industry. The main fields 
of applications are: 
cleaning; 
non-destructive testing (N.D.T); 
welding of thermoplastics; 
metal welding; 
machining; 
signaling (underwater detecting); 
medical diagnostic, biological laboratory equipment, and dentistry. 
The frequency of the ultrasound employed depends on the application. Table 1.1 lists 
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some of these applications and the frequency range employed. 
Originally the term ultrasonic energy was employed solely for sound vibrations with 
frequencies above the human hearing frequency, i.e above 16 KHz. Nowadays for 
some applications the frequency used is within the human hearing frequency but it is 
still called, traditionally, ultrasonic. 
frequency range application 
o to 15 KHz Marine applications. Long/short range underwater detecting 
18 to 25 KHz Alarm systems(for burglar) and apparatus control. 
18 to 40 KHz Ultrasonic machining, cleaning and welding. 
- 1 MBz N.D.T of materials with ordinaiy metallic structure. 
Medical applications. 
5 to 25 MHz N.D.T of homogeneous materials. 
1000 MHz The highest ultrasonic frequency reported attained at present. 
Table 1.1: Examples of ultrasonic applications and frequencies 
The present work is concerned with ultrasonic machining only. 
As a production method, ultrasonic machining can be used for almost all the known 
conventional machining operation, drilling, milling, turning, threading (external and 
internal) and grinding, although, some time it is complicated but still possible. 
- 10 - 
As for materials, ultrasonic machining can be applied to almost all the known materi-
als, but, as it was mentioned before, the performance of ultrasonic machining will be 
better as the hardness and brittleness of the material increases. This is the reason that 
ultrasonic machining is widely used for cutting and machining of diamonds, glass and 
ceramics. It is also used for hard and brittle metals. Recently, a lot of work has been 
done to investigate the performance of ultrasonic machining on some reinforced plas-
tics [ref.14 to ] and this seems very promising. 
As an example, ultrasonic machining finds a wide application in the electrical industry 
in production of very small slices of silicon wafers used in the manufacturing of sem-
iconductors, transistors etc., drilling holes in the P.C.B and wires welding. As for dril-
ling, ultrasonic machining is replacing the laser technique for drilling, as it is more 
accurate, better surface finishing and no heating is involve during drilling. The last, 
abs ance of heat, is a great advantage, and this is the reason for using ultrasonic for 
wire welding. 
In conclusion, ultrasonic machining can be used for a wide range of applications. The 
only limitation on the performance of this technique is the hardness and the brittleness 
of the material to be machine. 
1.3 Historical survey 
Ultrasonic machining has been developed considerably since it was discovered, by 
chance, in the early 1920's. It was then observed that damage was caused to a metallic 
container containing liquid with abrasive particles which was under the influence of 
ultrasonic vibrations. 
Not unlill the early 1950's did researchers started to investigate this phenomena, and 
since then a lot of theoretical and practical investigations have been published. 
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One can divide this work into four categories: 
Investigation of the mechanism involved in ultrasonic machining in order to 
understand how the material is removed [1 to 6]. 
Investigation of the performance of ultrasonic machining, the parameters involved 
in the process and how they are related. Attempt have been made to derive for-
mulae to show the connection among these parameters such as the material remo-
val rate, the forces acting during the process, the materials properties, etc 
[4,649,10]. 
Investigation of the acoustic properties of the various parts of an ultrasonic 
machining system such as: energy transformer (transducer), velocity transformer 
(horn) and the load behaviour. This enabled the calculation of the acoustic 
impedances of the parts in the system, a parameter which dictates the amount of 
energy delivered to the load [11,12,13]. 
Investigation of some specific applications such as the performance of ultrasonic 
machining on some specific materials [14,15,16, 
1.4 The main task of this work 
As stated in chapter 1.2, the potential for ultrasonic machining is very wide, but in 
spite of this it is not very popular and it is not used widely in industry. Just to 
emphasise the problem, there is no ultrasonic machining equipment manufacturer in 
U.K. at the time this work was written. According to the author's opinion, there are 
three main reasons why ultrasonic machining is not widely used: 
(i) Ignorance. Manufacturers just don't appreciate the potential for using ultrasonic 
machining. 
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Economicall financial. The existing equipment is relatively very expensive. As an 
example, the price of an simple ultrasonic machining equipment, made in U.S.A 
can be about ae 30,000 or more. 
Performance. The performance of the existing machines is poor and they have a 
lot of structural problems as well (especially with the main shaft bearings). 
The first is an educational problem and it can be solved by showing to the potential 
users the advantages of ultrasonic machining technique. 
The objective of this work is to try to solve the last two problems. One way to do this 
is by using an ultrasonic head attached to a conventional machine tool. The idea is to 
use a well established conventional machine tool (i.e a Bridgeport milling machine ) 
which is well build, structurally, and very reliable and exists in many workshops. Next, 
to build a relatively simple and not expensive ultrasonic head which can be relatively 
easy attached to the machine tool in place of a normal tool. This kind of arrangement 
will give the user the movements of both rotation and vibration, required by ultrasonic 
machining. The same ultrasonic head can be attached, relatively simple, to any 
machine tool by using different adaptors. This will enable the user to use the same 
ultrasonic tool for any operation and for any machine tool required by him and so pro-
vide considerable versatility. In addition it will reduce the expense as there will be no 
need to buy the whole machine but only an ultrasonic head and an power supply to 
fulfill all the requirements. This arrangement will also increase the performance by 
using a well-build machine and will increase the variety of machining operation by 
using the same ultrasonic equipment. 
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2. Discussion of the principle of machining by ultrasonic 
2.1 Mechanisms involved in ultrasonic machining 
Though the process has been commercially used for many years, the details of the 
material removal mechanism is yet to be fully understood. However, investigations so 
far carried out to understand the process, have thrown some light on the possible 
mechanism of the material removal in ultrasonic machining. 
Two cutting media are usually used with ultrasonic machining: 
Cutting with abrasive slurry; 
Cutting with diamond coated tools; 
Discussion on each of them are in paragraphs 2.3 and 2.4. 
The mechanism of material removal is complex for the both methods but it is gen-
erally accepted that for non-porous materials the most important constituent process, 
which has the biggest contribution to the material removal, when using abrasive slurry 
as the cutting media, are: 
Direct hammering of the abrasive particles on the workpiece surface by the tool, 
resulting in material removal and particle crushing. 
Impact of the free moving particles with a relative high velocity on the workpiece 
surface. 
Erosion of the workpiece surface due to cavitation effects of the abrasive slurry 
Not all of those machanisms are involved when using diamond coated tools as it will 
be discussed in paragreph 2.4. 
It has been repàrted that the first two mechanisms are primarily responsible for most of 
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the stock removal. The part played by erosion has been reported as insignificant for 
normal materials machined by this process. But for porous materials, like graphite, the 
erosion by cavitation has a significant contribution. 
V. Soundararajan and V. Radhakrishnan [1] show in their investigation that the basic 
mechanism which has the greatest contribution to the material removal is direct ham-
mering of the abrasive particles into the workpiece surface by the tool. 
The hammering mechanism is explained in terms of fracture mechanics. When an 
abrasive particle is forced on a surface of a brittle material it causes micro-cracks in 
the material. If many, randomly distributed, micro-cracks are made in the material, 
eventually small chips will be removed. The same mechanism will occur with impact 
of free particles on the surface but the process will be much slower (smaller micro-
cracks). This process is illustrated in figure 2.1 and applies to machining by either 
abrasive slurry or by diamond plated tools. 
	
I 	 I 	R.t1OVO 	I -.4 I 
IoI 
(Q.) 	 (b) 	 (c) 
FIG 2.1: Material removal mechanism by hammering. (a)After the first hammering; (b) 
After few harnmerings; (c) Small chips removed from the workpiece surface. 
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2.2 Parameters involved 
The material removal rate depends on many parameters. The most important are: 
Abrasive mesh size and its physical properties; 
Vibration amplitude of the tool; 
(lii) Static force. The force acting on the workpiece without applying vibrations; 
Workpiece material- physical properties; 
Tool material- physical properties; 
Depth of cutting (drilling); 
Cutting time. 
Concentration of abrasive particles (when using abrasive slurry); 
Parameters (vi and vii) are very important parameters when using slurry as the cutting 
media, as it will be discussed later. 
22.1 Abrasive particle mesh size 
It has been found that the material removal rate increases as the size of the abrasive 
particles increases, but the surface finish becomes rougher. The limit of the abrasive 
particle size to give maximum wear rate, when using abrasive slurry, is the size of the 
gap between the tool and the workpiece caused when the tool is travellings away from 
the workpiece surface during part of the working cycle. This gap is needed in order to 
let particles to enter under the tool. The size of the gap depends on the amplitude of 
the vibrations of the tool, increasing as the amplitude increases. As the vibration 
amplitude is limited so is the size of the abrasive particles. 
In industry, the common mesh-size of abrasive particles when using slurry as the cut-
ting media is 200 to 400 (76 pm to 53 jim respectively) for fast material removal rate, 
and 400 to 600 (53 jim to 30 p.m respectively) for fine surface finishing. 
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2.2.2 Amplitude 
As reported, the material removal rate increases, almost linearly, with the increases of 
vibration amplitude. The magnitude of these amplitudes is limited by two main factors: 
The larger the amplitudes the greater the power supply needed to derive the 
required energy; 
The larger the amplitudes the higher the strain and stresses caused to some parts 
of the system such as the transducer and the velocity transformer (horn). 
In order to keep the power supply and the other parts a reasonable size, and not to 
make them too big and too heavy, the amplitude is limited. 
For usual machining applications, the amplitude employed is 50 to 100 J.Lm at the tool 
tip. 
22.3 Static force 
The static force is the force which is applied to the tool when touching the workpiece 
before applying the vibration, as illustrated in figure 2.2. This force is not the max-
imum force acting on the abrasive particles during the hammering cycle as it can be 
seen from figure 2.2. 
r 
FIG 2.2: Forces acting on the tool tip; Fmax- maximum force; Fst- static force; ti- the 
time per one cycle in which the tool is not in contact with the workpiece. 
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Almost all investigators have found that the material removal rate increases with 
increase of the static force up to a limit beyond which the material removal rate starts 
to decrease, as illustrated in figure 2.3. 
RATE 
FIG 2.3: Material removal rate versus static force 
The magnitude of the nominal static force depends on the application and can varies 
between 1 to 3 Kgf. 
None of the investigators has a clear explanation of this fact, and none of them 
expressed it in the formulae which some of them have tried to derive for the material 
removal rate. One logical explanation made by some investigators is that probably the 
static force has some influence on the acoustic behaviour of the system and the acous-
tic impedances. For this reason, if there is mismatching of acoustic impedances, some 
of the energy will reflect back to the source, causing a significant reduction in the 
vibration amplitudes, and hence also of a reduction in the material removal rate. 
2.2.4 Workpiece I tool materials - physical properties 
As previously mentioned, the basic mechanism for ultrasonic machining is by causing 
micro-cracks in the material. This is the reason that the best candidates for this kind of 
machining are hard and brittle materials such as ceramics, glass, etc, and the poorest 
candidates are ductile materials such as mild steels, stainless steel, thermoplastics, 
etc.Hence the tools are often made from mild steels or stainless steel for their negligi-
ble wear when using slurry as the cutting media. 
As an example, if the machinability of glass is 100% the relative machinability of mar-
ble is of the order of 300% and for mild steel is 1% to 4%. 
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2.2.5 Abrasive particles concentration 
When using abrasive particles slurry as the cutting media, the concentration has a great 
influence on the cutting rate. As mentioned before, the material removal rate increases 
with the particle size. As for concentration, the material removal rate increases almost 
linearly with concentration ratio up to approximately 40% concentration ratio by 
weight and then remains constant with further increase of concentration. 
Nothing is mentioned in the literature on the influence of concentration on surface 
finishing or accuracy, but it seems that there is no influence. 
The influence of depth and time of machining will be discussed in paragraph 2.3. 
2.3 Cutting with slurry 
The mechanism involved in cutting by abrasive slurry was already discussed in para-
graph 2.1. The abrasive particles must introduced into the gap between the tool and 
the workpiece. Three ways of supplying the particles into the gap are used, as illus-
trated in figure 2.4: side injection; center injection; immersion of the system as a 






FIG 2.4: Slurry Supply: (a)side injection; (b)center injection; (c) immersion 
As the slurry has to enter into the gap between the tool and the workpiece, side injec- 
tion is not suitable for deep holes. Because of the very small clearance between the 
tool and hole diameters, less slurry can enter into the gap, consequently the material 
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removal rate decreases rapidly with depth growth. For deep holes, the center injection 
is more suitable but it is more complicated to apply. In either case, center injection is 
preferable. 
As mentioned in paragraph 2.1, the abrasive particles are also crushed during machin-
ing and as a result the material removal rate decreases as machining progresses. In 
order to maintain the material removal in a reasonable rate, the slurry must be replaced 
from time to time, some times very frequently, with fresh slurry. 
Using this method for cutting, the shape of drilled holes is depends only on the shape 
of the tool and is not limited to the round proffles. 
The most common abrasive used for slurry are boron-carbide particles. 
2.4 Cutting with diamond impregnated tools 
Diamond impregnated tools can be used instead of abrasive slurry. The mechanism of 
cutting is the same as for the abrasive slurry i.e. direct hammering of the diamond par-
ticles into the wórkpiece surface, but the second cutting mechanism mentioned in 
chapter 2.1, i.e. direct impact of free moving particles do not exist when machining by 
diamond tool as there are no free particles in the gap between the tool and the work-
piece. In order to get micro-cracks, randomly distributed on the workpiece surface, 
which is necessaiy for effective cutting, the diamond tool must be rotated. 
Rotating diamonds tools have been used in industry for many years for cutting (grind-
ing ) of hard and brittle materials without ultrasonic vibrations. But, it was found that 
the material removal rate is significantly increased when vibration is applied especially 
for the machining of the brittle materials because of the addition of micro-cracks 
caused by hammering which does not exist in grinding only. 
Because there is no need to force the abrasive particles to enter the gap between the 
tool and the workpiece surface as is necessary when using abrasive slurry, the depth of 
drilling possible using diamond tools is much greater. Debris has to be removed from 
the working surface, and usually this is done by forcing a fluid through a hole in the 
center of the tool. 
, 
- 20 - 
The damage to the abrasive diamond particles by crushing is very small during opera-
tion as they are supported and held by the tool, so the wear of the diamond tools are 
relatively very small. As an example, it has been reported that the wear for drilling 
holes with a 6mm diameter diamond drill and overall length of drilling about 2000mm, 
in ceramics, was less then 0.5% working with optimum conditions and with a fluid 
passed through the center of the tool for debris removal. 
As rotation is an essential condition for cutting with diamond tools, it is limited to 
drilling round holes only. 
Table 2.1 shows the differences between cutting with abrasive slurry and diamond 
tools. 
Abrasive Slurry Diamond tools 
1) With or without rotation, mainly without 1) With rotation only 
2) Drilling holes of any shape Round holes only 
Mainly used for drilling 3) Suitable for any machining operation 
4) Rapid wear of abrasive particles 4) Very small tool wear 
5) Relatively low material removal rate 5) High material removal rate 
6) Cheap and simple tools 6) Relatively expensive tools 
7) Suitable for drilling of shallow holes 7) Suitable for deep holes also 
8) Special pumps for slurry 8) Ordinary water pumps 
Table 2.1: Comparison between abrasive slurry and diamond tools. 
x 
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3. Principle of design of ultrasonic devices 
3.1. Theory of wave propagation 
The principle of ultrasonic machining is to produce mechanical energy waves (vibra-
tions), and to deliver them as efficiently as possible to the load (workpiece). The vibra-
tion waves travels along a solid medium as pressure waves producing stress and strain 
in the solid medium cause it to change its dimensions. 
The longitudinal vibration of a long thin uniform beam can be illustrated as follow: 
14, 
I 
L lay, + =.4 I  
FIG 3.1: Longitudinal vibrations in a beam; (p- force/pressure; u- displacement) 
The net force / pressure acting on a length element dx is 
dp + - -dx —dp =dz 
This is equal to the product of the mass of the element and its acceleration: 
	
= pAdx.!! 	 (3.1) ax 	at2 












From strain consideration: 
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We finally get: 
a2u - 1 a2u 
ax 2 - ;- at2 
(3.5) 
This equation is called the "Wave Equation". 
c- has the dimension of velocity and it is often called the "velocity of propagation" of 
the displacement or stress waves in rod, or, speed of sound in the material, and it is a 
property of the material only. 
The wave equation can be solved by the method of separation of variables. Assuming 
a solution of the form: 
u(x,t) = F(x )*G(t) 
	
(3.6) 
After derivation of the equation(3.6) substituting into the wave equation (35) and re-
arrange, equation(3.6) can be written as 
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1 &F(x) __.L _1 &G(t) 
F(x) ax2 - 2 G(t) at2 	 (3.7) 
The left hand of equation (3.7) is a function of the co-ordinations (axis x) only and the 
right hand of equation (3.7) is time depended only. So, each side equals a constant. 
For convenience of solution it was chosen to be _(.2.)2  . Then equation (3.7) can be 
solved each side separately: 
	
= 0 	 (3.8)a. ax 2 
- 	 (3.8)b. 
at2 




—x 	 (3.9)a. 
C 	 C 
G(r) = Csin(wt)+Dcos(wt) 	 (3.9)b. 
The integration constants A and B depend on the boundary conditions, and the integra-
tion constants C and D on the initial conditions. 
The complete solution of the wave equation (3.5) is therefore: 
u(x ,t) = [A sin(-x) + B cos(-2 -x)][C sin(cot) ± D cos((ot)} 	(3.10) 
In the system we are going to use for the energy delivery, a beam which is free both 
ends, the boundary conditions are: 
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au(x,t) 
=0 	x =0; x =1  ax 
The derivatives of equation (3.10) gives: 
- 	
co 	0) 	0) 	0) [A—cos(—x )–B— sin(—x ] [ sin(cot )+D cos(cot)] ax 	c c c c) 
au (x.,t) 
- A- [C sin(cot )+D cos(cot )]=0 ax X=Or 
A = 0 
au(x,r) 	CO 	. (01 = — [–B sm(—)][C sin(cot )+D cos(wt )]=0 ax x=! c c 
Thus: 
. sm( (01  —) = 0 
C 
0)1 
 = o, it, 2ir ........... nIt 	 (3.12) 
This frequency,co, the resonance frequency of a free ended beam, is usually written as 
CO' . 
0)l - = nit 
C 
But 	o,, = 27tf, 
Andthen 	27tf* !=n7r 
And finally, equation (3.12) can be written as follows: 
fn = M 	
I 
1 	 (3.13) 
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From equation (3.13), it can been seen that the resonance frequency of a free ended 
thin beam depends on the speed of sound in the specific material and the length. 
Very often we find in the literature the expression: 
(3.14) 
Which is the "Wave-Length", and equation (3.13) can be written: 
nX 	
(3.15) 
This means, that for resonance conditions, the length of a free ended beam must be 
half a wavelength (or multiplications of half wavelengthes). 
Unlike gases and liquids, solids can carry other types of strain waves like shear 
(transverse) and bending waves as illustrated in figure 3.2. The velocity of propagation, 
c, for these type of waves are different (usually lower) than the longitudinal velocity of 
propagation. 
Waves travelling along a rod are influenced by the Poisson effect, which characterises 
the amount of transverse strain due to longitudinal strain. The transverse effect arising 
from the Poisson effect is small where the transverse dimension, d, is relatively large 
compared with the wavelength X, so we can assume that for unbounded solids the pro-
pagation is purely longitudinal. A thin rod, having a transverse dimension small rela-
tive to the wavelength (h>d) is subject to lateral expansion from Poisson's effect and 
a swelling travelling wave occurs. Propagation in a unbounded solid and in a thin rod 
are the extreme cases. For a rod of diameter neither large nor small relative to the 
wavelength shows complicated effects and the velocity lies between the two extreme 
cases. 
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FIG 3.2: Wave propagation in solids: (a)pure longitudinal (<<d); (b) pure shear 
waves; (c) pure bending; (d) swelling in thin rods (X>>d) 
3.2 Principle of energy transfonners 
The heart of an ultrasonic device is the vibration generator which is responsible for 
producing the vibration needed. 
There are many ways to produce ultrasonic waves, and the method chosen depends on 
the required output, power, amplitude and frequency. 
For industrial machining, cleaning and welding applications by ultrasonic means, the 
most common way is to convert electrical energy to mechanical energy (sinusoidal 
vibrations). 
The, device which convert the electrical energy into mechanical energy is called an 
"energy transformer" and often also called a "transducer". 
Two main types of energy transformers have been commonly used in industry. The 
first was based on the magnetostriction effect, but there have been superceded by dev-
ices employing the piezoelectric effect as they are more efficient. Both are described 
below. 
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3.2.1 Magnetostriction Transducers 
The magnetosiriction effect, discovered by Joule, is based on the property of some fer-
romagnetic materials, for example certain nickel alloys, to change dimensions (exten-
sion or retraction) when a magnetic field is applied. The magnitude and direction of 
the strain follows the changes of the magnetic field. Hence, if such a magnetic field 
changes periodically, say, in the form of B (r )=B1,, sin ((x), where B. is the maximum 
magnetic field intensity, and c)(=2Ef) is the angular velocity, the strain in the transducer 
will be of the form, say, x (, )=Xm sm(c)t), in which X. , is the maximum strain and co, is 
the same angular velocity. 
For typical magnetostrictión transducers, designed to operate at 20 KHz with a 0.5 Kw 
power supply, the amplitudes expected are about 10 to 20 p.m. 
One of the main problems of such a transducer is the eddy-current effect, currents 
which are induced in the materials and cause a lot of losses. The only way to reduce 
the influence of this effect (but never to zero) is to build the transducer from many 
thin laminates holding together with a insulating film between adjacent laminates. For 
practical uses, the thickness of the laminates cannot be reduced to less then 0.5 mm. 
This is the main reason for the relatively low efficiency of this kind of transducer, usu-
ally about 50%, and which causes the temperature to rise relatively rapidly. 
In order to get the magnetostriction effect which causes the strain in the material, it is 
essential that the material will have a substantial permanent magnetic dipole moment. 
The kind of material used does not however have a permanent magnetic dipole 
moment (magnetic dipoles are naturally randomly distributed), the transducer is there-
for inserted, after manufacture in a strong constant magnetic field, so that after remov-
ing the magnetic field a residual magnetic dipole moment exists in the material. This 
residual magnetic dipole moment decreases slowly in time but will completely van-
ished if the temperature rises above a critical value. For this reason, a water cooling 
system is usually needed to remove the heat produced in this low efficiency transducer. 
-28- 
A typical ultrasonic device using an magnetostriction transducer is shown in figure 3.3. 
Pt,I1UD 
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FIG 3.3 Typical ultrasonic device using a magnetostriction transducer 
3.2.2 Piezoelectric Transducer 
The piezoelectric effect, discovered by the Curie brothers in 1880, derives from the 
property of some natural crystals to develop an electric charge under the influence of a 
pressure field (i.e stress field). Conversely, an electric field can cause strain in those 
crystals. This is called the reverse piezoelectric effect, discovered by Lippmann a few 
years later. The effect is due to the crystal structure. 
Transducers based on this effect were not at first widely used in industry because of 
the complexity and high price of such natural crystals. Only in the past 30 years, with 
the fast acceleration in the research and development of ceramics, synthetic crystals 
with piezoeleciric properties, called "piezoelectric ceramics" have been developed. As 
in the case of magnetostriction transducers the magnitude and direction of strain 
depends on the applied field, in this case the electric field, and will be of the same 
form of the electrical field e.g. periodically in the fornt E (1)=E,,, sin(cot) in which E, is 
the electric field. 
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The amplitudes one can expect from such a transducer are, more or less, of the same 
magnitude as with a magnetostrictive transducer, say for a 20 KHz transducer with a 
0.5 Kw power supply, one can expect about 10 to 20 jmi. 
The efficiency of transducers based on the piezoelectric effect are above 90% (very 
often we can find efficiencies of 95% to 99%). For this reason, the energy dissipated 
as heat is small, and natural air (for extreme cases forced air) cooling systems are usu-
ally sufficient 
Similar to the magnetostriction effect, also here, in order to get the piezoelectric effect, 
the ceramics must have a constant electric dipole. Also in this case, the electric dipoles 
are, naturally, randomly distributed in the material. For this reason, the ceramics are 
inserted into a strong constant electric field which cause the material to have a residual 
electric dipole after the removal of the electric field. This process is called "polarisa-
tion" . 
Unlike the magnetostriction transducers, the piezoelectric ceramics can be manufac-
tured with any desired shape such as discs, rods, cylindrical tubes, plates, spherical 
shapes, etc., as shown in figure 3.4. The use of one shape or another depends on the 
application. 
For some shapes there might be more than one direction for polarisation and more than 
one direction for the applied electric field as illustrated in figure 3.5. 
As shown in figure 3.5(a), the cylindrical tube can be polarised in two directions: axi-
ally (pl) and radially (p2). The electric field can be applied between the inner and 
outer diameters as shown, or between the two ends of tube. In the case of the rec-
tangular plate 3.5(b), it can be polarised in the direction of any of the three axes p1, 












FIG 3.4 Shape of some common piezoelectric ceramics 
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FIG 3.5 Example of polarisation and applied electric field 
- 31 - 
In the case of circular disc or rod the only possible direction for polarisation and for 
the applied field is the axis of symmetly as illustrated in figure 3.6. 
e+Ae  
D+D 
FIG 3.6 Direction of polarisation (p) and electric field (v) for circular disc 
The performance of such a piezoelectric ceramic depends on what are called the 
"piezoelectric constants". These piezoelectric constants depends on the material and the 
combination of the directions of polarisation and the electric field. For example, d,, is a 
piezoelectric constant in which i is the direction of polarisation, and j is the direction 
of the electric field. For the case of a circular disc or rod, the only possible piezoelec-




strain 	_e Ee 	- 
electric field - V 	
[m1' 1] 	 (3.16) 
e 
In which e- is the length of the disc; & - change in length; and V- is the voltage. 
Ae = d33V Em] (3.17) 
The change in length depends only on the piezoelectric constant and the voltage and is 
independent of length. Any change in length causes some change in diameter as shown 
in figure 3.6. 
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The most common piezoelectric ceramics for transducers used in ultrasonic machining, 
cleaning and welding, are circular discs made of Lead Zirconate Titanate, which are 
often called PZ.T (P-for lead; Z-for zirconate; and T-for titanate). A typical value of 
d33 made of P.Z.T is about 300* icr' 2 [mV'J, and typical voltage is about 300 to 1000 V. 
So, for such a ceramic, the change in length will be, approximately: 
Ae = d33V = 300* 10-12* 1000 = 0.3 [pm] 	 (3.18) 
This value is veiy small. One way to increase the amplitude is to use a number of 
discs assembled in parallel as illustrated in figure 3.7. 
Polatisation 
FIG 3.7 Assembly of piezoelectric ceramic discs. 
For this case the overall change in length is: 
Al =nAe =nd33V Em] 
In which n is the number of discs. So, for a known P.Z.T and power supply (V), the 
overall change in length is proportional to the number of discs. 
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In order to be sure that the electric field is disiributed all over the surface, and as the 
P.Z.T ceramics are not electrical conductors, very thin electrical conductors shims, usu-
ally made of brass, are put between each ceramic disc as illustrated in figure 3.8. Very 
often, the overall length L, is not the length required by the optimum condition for 
propagation, i.e L = -.Usually L4 and it is necessary to add to the arrangement, 
shown in figure 3.7, some additional masses to produce the required length, as shown 
in figure 3.8. It is also very important, in order to get good wave propagation, not to 
allow the ceramics to separate from each other during vibration. One way to do this is 
to bolt the ceramic discs together applying sufficient static compression force such that 
there is always compression in the ceramics, as shown in figure 3.9. 
FIG 3.8: Typical piezoelectric transducer 
In order to get good axial wave propagation, the discs and the additional masses sur-
faces must be highly parallel and with excellent surface finish (usually ground and 
lapped to a mirror surface), and assembled in such a way that their axes of symmetry 
will coincide. 
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FIG 3.9:Forces acting on the ceramics: (a)without separation; (b) with separation 
3.3 Design of Velocity Transformers 
The velocity transformer is often also called the "amplitude amplifier" or "concentra-
tor" or "horn". 
The amplitudes produced by the transducer are too small for the machining applica-
tions discussed here. The limitation of the transducer is due to stress and strain con-
siderations. As already mentioned, amplitudes one can expect from an piezoelectric 
transducer are limited to 10 to 20 ELm, and for machining applications, some 3 or 4 
times higher amplitudes are needed, i.e about 80 pm. For this reason a amplitude 
amplifier (horn) is required. 
The principle of changing the amplitude in a horn is based on changing the density of 
energy flux along the axis of the horn. Assuming that the energy flux losses are negli-
gible, one way of changing the energy flux density is to change the cross section area 
along the axis. As the amplitude depends on energy flux density, any change of the 
cross section will be followed by a change in amplitude. Many types of horn have 
been developed, but only a few of them are in practical use. Some of the most com-
mon horns are illustrated with their resonance conditions and nodal points. 




S 0 = 
InN 
Resonance half wavelength condition: L = - [1+(-)] 
Nodal point: xo = L —arccotg ( inN—) 
It 	 Ir 
Theoretical amplification factor: K = N = 
The maximum practical amplification factor K =20 
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(b) Conical Horn 
( 
D() =D0(1—ax) 





Resonance half wavelength condition: L = 
c czL 




The nodal point is : x O = arc:g (I);  where = 
. Theoretical amplification factor: K = 	oL eN—i 	oL 
The value in the brackets [] is always smaller than 1, so K 5 N. In this case, the max-
imum practical amplification factor K =4 
(c) Symmetrical Stepped Horn 
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L— 	 -k 
Lie 
4 <xL =D(, ) =d 
Resonance half wavelength condition: L 
- 2 - 2f 
Nodal point: xO = 4 = - = 
Theoretical amplification factor: K = N2 = (.)2 
In practice, the maximum 	=4 , so, K. = 16, but usually less than that. 
(d) Unsymmetrical Stepped Horn 
A 
1- 
LI 	 I 
1-' 
05x.L 1 = D=D 
L 1 :5xL => D X =d 
N=. 
Resonance half wavelength condition: tg— = -N 2  :g- 
sin(—) 
Theoretical amplification factor: K = N2 
sin(—) 
C 
For L1 = L, as in the case of symmetrical stepped horn we will get K = N 2, but for 
L 1 > L 2we will get K 2t N 2. 
In practice, the expected amplitude from this kind of horn is between the symmetrical 
step horn and the exponentiol horn. 
As can been seen, the highest amplification factor is obtained from the exponential 
horn. But, the shape of this horn is difficult to manufacture requiring a C.N.0 
machine. The location of the nodal point, which is a very important factor, as it will 
be shown later on, is also in practice difficult to obtain. In the case of the conical horn, 
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the shape is relatively simple, but the amplification factor is relatively small, and the 
location of the nodal point is again difficult to obtain. In the case of both stepped 
horns, the symmetrical one and the unsymmetrical one, the shape is simple to 
manufacture and the amplification factor is relatively high. But in this cases there is a 
problem of fatigue due to stress concentration, so the horn must be designed carefully 
taking fatigue in account. It is also simple to find the nodal point in the case of sym-
metrical stepped horn, and it is relatively simple to hold the horn at such a nodal point. 
For these reasons it was chosen to use a symmetrical stepped horn in the device which 
is developed in this work. 
As mentioned in chapter 3.1, the ultrasonic wave propagation is described by the wave 
equation(eqn 3.5). In order to deliver the energy to the load, the length of any part of 
the system must be an integral number of half wavelengths (L =4)  to get standing 
waves as shown in figure 3.10 for a uniformly cross sectional free ends guide, and the 
same rule applies to the horn, which is actually a wave guide. 
If the energy guide, or the horn, ends without load, most of the energy will be 
reflected back to the source because of the big difference in the acoustic impedances of 
the horn material and air. This reflected energy will convert to heat. This is analogous 
to the reflection of light waves travelling from one media to another with different 
densities. In order to get good energy travelling to the load all the parts of the system 
must have the same acoustic impedances, including the load itself. 
In the case of non-uniform cross-sections the amplitudes will change depends on the 
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• 	Fig. 3.IG Standing waves in a guide with free enth. 
#\ 
velocity waves 	 sess waves 
A-Velocity nodal and sess antinodalpoints 
B-Velocity antinodal and sess nodal points 
FIG 3.10 Standing waves in a guide with free ends 
CL 
IX 
FIG 3.11: Pattern of velocity and stress waves in symmetrical stepped horn 
Amplification factor 	
A2 
K = = (7D )2 
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As it can been seen from figure 3.10 the nodal point is exactly at the length of 
Theoretically, there is no vibrational amplitude at this point. So, it will make no 
difference to the behaviour of the horn if one holds the horn at this nodal point during 
vibration, and it is the same for any velocity nodal point in the system. Holding at any 
other point will, significantly reduce the amplitudes of vibrations at the free end. So, it 
is very important to hold the horn at the exact velocity nodal point and any error, even 
a small one, will, significantly, reduce the amplitude of vibration at the free ends. 
3.4 Design of Tools 
The tool, which is mounted on the end of the horn, is also a wave guide and must 
transmit the energy waves to the workpiece efficiently. The design of a tool must be 
made accordingly to the rules of design of any wave guide, i.e the same acoustic 
impedance (i.e the same pc in which p - is the density and c- velocity of wave propa- 
gation) and length of 4. But, very often the length required is small, i.e L 	for 
milling or drilling of shallow holes applications. 
There are four possible cases of tool size relative to that of the horn: 
(a) Short and small tools 
Where the tool alters the length of the horn 	+ L1 > -), but the mass of the tool 
is very small and its cross section is less than that of the horn i.e d2 c d 1 , as illustrated 
in figure 3.12. 
In this case the length of the tool may be neglected and the horn length will still be 
L 1 = I and then the overall length L 1 + L 2 > .. But if d2 - d 1 , then the length of the 
horn (L 1 ) must be compensated as follow: 




FIG 3.12 Short and small tools. L 1 - length of horn; L 2- length of tool 
In the case of d2 = d1 then L 1 + L2 = -. Then the horn has to be shortened by an 
amount equal to the length of the tool. 
(b) Relatively long tools 
Where the tool length is about a half wavelength, as illustrated in figure 3.13. 
¶L- 7'/a 
FIG 3.13 Relatively long tools 
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The best way is to make the tool length of exactly half the wavelength (L, = ). This 
kind.of tool is suitable for drilling deep holes but their strength and precision are poor. 
(c) Localised mass tools 
Where the tool is a localised mass whose transverse dimensions are much less then the 
wavelength (d2 < < ) as illustratedin figure 3.14. 
U, 
Cli 
FIG 3.14 Localised mass tool 
In this case the horn should be shortened. The mass removed from the horn should be 
equal to the tool mass. This kind of compensation is good if the tool is no longer then 
x 	 pS 1X pS 1c To or the tool mass 	
= 	
, m which p, S 1 . A. refer to the horn. 
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(d) Large tools 
Where the transverse dimension of the tool is comparable with the wavelength, as 






FIG 3.15 Large tool (a) length compensation; (b) vibration amplitude distribution 
This case is the most complicated and can scarcely be discussed analytically. The 
amplitude may not be the same at all the points at the end of the tool, and transverse 
vibrations may occur which may result in a significant reduction in the cutting rate 
including complete cessation in the outer diameter where the amplitudes are nearly 
zero resulting in oversize holes and fracture of tool. So, it is generally recommended 
that the tool diameter will be: d2 <2d1 . 
In any case, it is recommended to use hollow tools if possible for two main reasons: 
(a) to reduce the volume to be cut, and (b) to allow the fluid (abrasive slurry, or water 
for diamond tools) to flow through the center for better cutting. For these hollow tools 
it is recommended that the center hole in the tool will be as parallel as possible with 
the outer surface especially for thin-wailed tools. It is also important that the surface 
finish, of both surfaces, the inside and outside diameters, will be as good as possible, 
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because scratches can cause fracture of the tool when it is subjected to ultrasonic 
vibration. 
The tool is usually screwed to the horn with a cylindrical or taper neck for centering, 
and to give good wave propagation there must be good surface contact between tool 
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3.5 Ultrasonic Head 
To build an ultrasonic device, all the parts previously described must be included that 
is: 
an energy transformer (transducer) 
an amplitude amplifier (horn) 
a tool 
Figure 3.16 shows, in principle, the assembly of an ultrasonic device including these 
parts and the wave pattern along the axis of symmetry. 
FIG 3.16 The essential parts of an ultrasonic machining device 
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4- Ultrasonic Machine Tool Attachment 
4.1 Requirements 
As mentioned in chapter 1.4, the aim of this work is to develop new ultrasonic equip-
ment which hopefully will make the ultrasonic machining technique more attractive 
and more widely used in industry by reducing, significantly, the prices and by improv-
ing the performance of the equipment. 
The approach has been to develop a relatively cheap and simple ultrasonic head for 
attachment to a well-established machine tool e.g a milling machine or lathe, which is 
a standard machine-shop tool 
Apart from simplicity and low price, the requirements of such an ultrasonic head 
are as following: 
To have both options of using abrasive sluny and diamond tools, the tool 
must have provision for both movements of vibration and rotation acting 
together. 
The tool tip must have a vibration amplitude of at least 80 Jim. 
The axis of symmetry of the tool must coincide with the axis of symmetry 
of the machine without any linear or angular shifting between them.. 
The energy transformer (transducer) must be designed in such a way as to 
operate with the power supply necessary for machining, i.e at least 150w. 
To avoid over-heating of the transducer, a forced air cooling flow is 
required. 
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Water flow for diamond tools, or slurry flow, through the tool center is an 
essential requirement especially for deep holes drilling. The water is needed 
to remove the debris when working with diamond tools. 
Water must not enter the transducer area otherwise there will be the danger 
of short circuit. 
The ultrasonic head should be supported by bearings to cater for lateral 
forces especially during milling and to minimise lateral vibrations. 
For versatility the ultrasonic head should be designed in such a way that it 
could be applied to any machine tool e.g. any mifling machine or any lathe 
by using relatively simple adaptors. 
For ease of use the mounting and dismounting of the ultrasonic head to the 
machine tool should be as simple as possible. 
To control the static forces acting during operation it is desireable to feed 
the tool towards the workpiece, or the workpiece towards the tool, by pneu-
matic or hydraulic means. 
42 Description and Assembly 
The ultrasonic machine tool attachment which has been designed to meet the require-
ments specified in section 4.1 is illustrated in figure 4.1. 
This ultrasonic head is designed to be attached to a standard Bridgeport milling 
machine chuck, using specially designed adaptor fixtures. Other fixtures may be used 
to apply the ultrasonic head to different machine tools. 
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As can been seen from figure 4.1, the transducer is made of four piezoelectric ceramic 
rings (made of P.Z.T-Lead, Zirconate, Titanate) tightened together to two metallic 
cylinders made of titanium to complete the overall length to half wavelength. The 
Bri dgeport milling machine 
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FIG 4.1 General view of the whole system 
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FIG 4.2 The design of the ultrasonic attachment head 
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FIG 4.3 Ultrasonic head 
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tightening is by a bolt, tightened to such a force that only compression occurs during 
the operation cycle with no separation of the constituent parts. 
The transducer is tightened to the horn by a bolt. For acoustic reasons, in order to get 
better wave propagation from the transducer to the horn, this bolt must not touch the 
bottom of either the transducer or the horn threads as illustrated in figure 4.2. This is 
done to avoid wave propagation through the bolt which would cause it to vibrate with 
loss of energy. 
FIG 4.4: Assembly of the transducer and horn 
As mentioned in chapter 3.3, the horn must be held exactly at the nodal point to get 
the maximum amplitude from the system. Any mistake, even the small one, can cause 
a significant decreasing of the amplitude. As shown in figure 3.11, the theoretical 
nodal point for a symmetrical stepped horn is exactly at the point of - of the horn, 
corresponding with - (X- wavelength). Practically, it is impossible to hold a cylinder 
on a line, and usually a flange is used, in such a way that the nodal point is at the 
I'. 
\\ 
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center of the flange as shown in figure 4.3. This flange must be designed and manufac-
tured very accurately, and even so, the horn must be compensated at both ends, hold-
ing at the nodal point This compensation procedure is complicated which takes a lot 
of time to achieve. This problem may be overcome by making the nodal point longitu-
dinally floating, knowing that some small reduction in amplitude is caused by this 
arrangement. One way to make a longitudinal floating nodal point is to hold the horn's 
flange between two "o"-ring seals acting as springs as shown in figure 4.3. 
HOR,I'5 FLP,IV&E 
HOLIS1v& 
FIG 4.5 Floating nodal point arrangement 
4.2.1 The inner cylinder 
As shown in figure 4.1 and Appendix I, the transducer and the horn are held in an 
inner cylinder (see Appendix I part no 15), which consist, in addition to these part, of 
the following components: 
(a) Attachment taper (cone) (2) through which the attachment of the inner 
cylinder to the machine chuck is made. This part is a standard accessory of 
-2(cL)- 
FIG 4.6 The inner cylinder 
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this particular milling machine. The inner cylinder is secured to the attach-
ment taper by a nut (8). 
Two electrical slip rings (11) assembled to the inner cylinder by an electri-
cally isolated ring (12). 
The inner ring of a cylindrical roller bearing (17). 
The inner ring of the bearing is held by the bearing holder (21) and 
tightened by the bearing tightener (24). 
Horn holder ring (27), to hold the horn and the transducer in the inner 
cylinder. 
"o"-ring seals (30), to prevent water or slurry from entering the transducer 
region, to prevent short circuit of the transducer, apart the "o"-ring seals (29) 
used to make the floating nodal point as mentioned above. 
Order of assembly of the inner cylinder 
First assemble the parts mentioned in (a) and (b) (2),(15),(8), from the upper 
side of the inner cylinder. 
Assembly the two slip rings (11) to the isolating ring (12) with 4 screws 
each (26). 
Assemble the inner ring of the bearing (17) with its holder (21), tightener 
(24) and the corresponding "o"-ring seals (31). 








:7 FIG 4.7 The inner cylinder assembly 
LZIAL 
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Insert the transducer and horn, which are already assembled together, into 
the inner cylinder, puffing out the wires of the transducer, but not before 
inserting the corresponding "o"-rings seals (29),(30). 
Tighten the horn holder ring (27) against the horn's supporter ring(25)with 6 
screws (26). 
Connect the wires to the slip rings (11) one wire to each slip ring by one of 
the screws already exsists. 
After assemble all the parts mentioned above, the inner cylinder is considered to be 
one part. The only case in which there is a need to disassemble any part is when 
replacing a damaged part or replacing the horn, if this is necessary for a special tool. 
The assembled inner cylinder is attached to the machine tool chuck the same way as 
any standard tool, and it will rotate when the chuck is rotated. 
4.2.2 The outer cylinder 
The stationary outer cylinder consists of the following parts: 
Upper outer cylinder (6). 
Nipples for forced cooling air (7) and water supply (33). 
An electric isolating ring (10), to prevent short circuit between the two slip 
rings (11). 
d Two carbon brushes (36), through which the power is supplied to the trans-
ducer through the slip rings. 
t/ft, 





FIG 4.8 The outer cylinder 
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Lower outer cylinder (14), which is holding the electrical isolating ring (10). 
The outer ring of the bearing (17) which includes the cylindrical rollers of 
the bearing. 
Two stationary mechanical seals (34), in which between them there is a 
rotating contact ring. These seals are needed to prevent the water escaping. 
Bearing and mechanical seals housing (18). 
Mechanical seals holder (23). 
Corresponding "o"-ring seals (19). 
Order of assembly of the outer cylinder 
(1) Insert the isolating ring (10) into the upper outer cylinder (6). 
Assemble the lower outer cylinder (14) to the upper outer cylinder (6) with 6 
screws (13). 
Insert the mechanical seals (34) with the contact ring into the housing (18) 
in the direction shown in figure 4.1 and close the mechanical seals holder 
(23) with 6 screws (22) after inserting the corresponding "o"-ring seals (19). 
Note: When inserting the mechanical seals special care must be given to the order 
of insertion. Each of the seals must slide on the same side of the contact 
ring. Do not change the sides of sliding on subsequent reassembly. 
Insert the outer ring of the bearing (17), which includes the cylindrical roll-
ers, from the other side of the housing. 
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Assemble (iii) and (iv) to the lower outer cylinder (14). 
After complete assembly of all the parts mentioned from (i) to (v), the outer cylinder 
is considered to be one part, and it will be attached to the machine as one part. This 
outer cylinder is attached to the adapting ring (4) which is in place of the existing ring. 
The attachment of the outer cylinder follows the attaching of the inner cylinder. The 
carbon brushes are screwed in the outer cylinder after the outer cylinder is completely 
attached. Last, screw in the bolts of the contact ring of the mechanical seals into the 
bearing holder (21) through the hole of the water supply nipple (33). 
Insert the forced air supply nipple [71  and water supply nipple [33]. 
Order of removing the outer cylinder 
Remove the carbon brushes (36). 
Remove the water supply nipple (33). 
Screw out the 4 screws (32) which are holding the contact ring of the mechanical 
seals through the hole of the water supply nipple. 
Remove the 6 screws (5) which are holding the outer cylinder on the adapting 
ring (4). 
It is recommended to support the outer cylinder with some blocks inserted 
between the outer cylinder and the machine table before removing the screws 
mentioned in (iv) then Carefully, lower the outer cylinder with the machine table. 
As it can be seen from figure 4.1, the movements of rotation and vibration are 
independent, and vibration or rotation only can be used or the combination of both of 
them. So, it can be used for slurry as the cutting media, in which rotation is not 
needed or for diamond tool which needs the both rotation and vibration. 
() 
_--- - I (~O 
FIG 4.9 The outer cylinder assembly 
I 
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The transducer and the horn are designed and manufactured according to our special 
requirements, by Kerty-Ultrasonics of Hitchin, Hertfordshire, which are also responsi-
ble for the design and manufacturing of the power supply. 
4.3 Pneumatic table 
The only requirement additional to the list mentioned in paragraph 4.1, is the pneu-
matic / hydraulic feed. To be able to continue to use the machine for its original 
application, an independent pneumatic feed system has been developed for this pur-
pose. In this system, the workpiece is attached to a pneumatic table which moves 
towards the tool. The pneumatic table is illustrated in figure 4p. As the space between 
the tool and the lowest position of the milling machine table is limited to about 
450mm in the Bridgeport milling machine, the table was designed to have the 
minimum possible height, to enable the user to drill holes as deep as possible. This 
table is suitable for drilling. As for milling, probably, another kind of pneumatic table 
should be used with two axes of movement. 
FIG 4.10 Pneumatic table-General view 
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5 	Drilling Results 
The first hole drilling was made in the ceramics using a 3mm diameter core diamond 
drill. The drill and the results are shown in figure 5.1 (a) to (c). 
FIG 5.1: Drilling ceramics with a diamond drill (a)drill and workpiece; (b)hole 
entrance; (c) exit 
The tool used for this drilling is shown in figure 5.2. To use this tool directly on the 
horn, the horn should be compensated in the manner described in paragraph 3.4. Since 
it is not desired to change the horn but to use the same horn for different lenghts of 
tools, as the replacing of the horn is quit complicated, the tool itself must be of length 
of 	as shown in paragraph 3.4(b) (long tool). For this reason a tool-holder was 
designed for this specific tool and has been tuned with the tool assembled to it to 
match the length of 	for the given frequency (20KHz).Of-course different tool- 
holders should be used with different lenghs of tools and any combination of tool and 
holder should be tuned separately. The tuning procedure of this arrangement 
(tool+holder) is much simpler than horn compensation as the holder is not held on its 
nodal point as the horn is, and it is much easier to replace a holder than a horn. 
SM 
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FIG 5.2: The design of the 3mm diameter core diamond drill. 
FIG 5.3: The assembly of tool and tool-holder 
The tool holder was made of titanium for its good properties of wave propagation and 
fatigue strength and the tool made of mild steel for ease of diamond coating. The tool 
had a centre hole of 1.5mm diameter. During drilling, the speed of penetration was 
measured for drilling with rotation and vibration simultaneously and with rotation only. 
The pressure in the pneumatic table piston was increased gradually to give the approxi-
mate the highest penetration speed. The results were as follow: 
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Penetration speed with ultrasonic vibration: 	14 .! 
nun 
mm  Penetration speed without vibration (rotation only: 	- 3.5 - 
rnin 
Material removal rate with vibration: 	 75 -- 
min 
Material removal rate without vibration (rotation only): 18 -Mn  
nun 
After drilling a few holes, the speed penetration became much slower followed by high 
lateral vibration which eventually caused the tool to break. 
Examining the tool after breaking, it was observed that it was damaged at its face as 




iio 5.4: Damaged tool (a)new tool;and (b)after drilling a few holes 
R6ftW& Po111- 
rooz. FAC.E 
Examining the workpiece, it was observed that the centre core or slug which remains 
when drilling with centre hole drills was covered with metal, probably because of the 
friction between the hole and the slug. The appearanceof the surfaces is illustrated in 
figure 55. As the ceramic workpiece material is much harder than the mild steel tool 
material the tool was worn on the inside surface, where there is no diamond plating. 
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FIG 5.5: Condition of tool and workpiece after machining 
From the damage pattern of the tool its appears that failure of the tool was caused by 
run-out of the tool which was about 0.3 to 0.5 mm. For this reason, a new design of 
horn and inner cylinder was made to reduce the run-out. The changes includes addition 
of an o-ring seal near the inner cylinder bottom and smaller clearances between the 
horn and the inner cylinder. By this means the run-out was reduce to about 0.05 to 
0.08 mm, about 10 times better than before modification. 
Further drilling experiments after the modifications mentioned above showed that it 
made no differance and the tools continued to wear the same pattern as before 
modification and that was also not effected by altering the tool diameter. 
Further modification was made on the tool tip to try to reduce the friction between the 
slug and the centre hole as shown in 5.6. The idea was to limit the length where fric-
tion take place and so to limit the friction force to the minimum possible. Further dril-
ling experiments with this kind of modified tools showed that the small diameter of the 
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FIG 5.6: Friction reducing modification 
It was concluded that it was necessary: (a) to tiy to avoid the formation of a slug if 
possible, i.e. to use solid drills or hollow drills with off-centre holes in such a way that 
no slug will be formed during drilling; and (b) if a centre hole is required, e.g to 
reduce the volume of material to be removed from the workpiece and so to increase 
the penetration speed, diamonds will be required to be coated inside the hole even for 
a short length as illustrated in figure 5.7 in order to wear away the slug and hence to 
prevent contact between it and the tool. 
I 	414f'fOA 	I 
(a..)  
5.7: Different types of tool tips;(a) solid tool;(b) off-centre hole; (c) centre hole 
with diamonds coated on the inside surface. 
FIG 
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The only way to verify that the solution to the problem mentioned above is to try to 
use solid drills or off-centre hole hollow drills to avoid the slug formation. If the prob-
lem then diappears than it is reasonably to suppose that for centre hole hollow drills it 
is a essential requirement that the drill should be diamond coated on its inside surface 
to cause wear of the slug and hence to reduce its diameter. 
2i0 130
w 
 140 15i0 60 170 
r 	 p 18 11  Al 
ist 
FIG 5.8: Hole diameter growth 
Figure 5.8 shows the slug diameter growth which is actually the hole diameter growth. 
All the holes were drilled with the same drill which was diamond impregnated only on 
its outside surface. As it can be observed, the slug diameter, is increasing successively 
from driling to drilling and the outer diameter remains the same. The concusion is that 
the tool will wear on surfaces which are not diamond coated. Eventually, the friction 
between the slug and the tool will cause the blocking of the tool hole followed by slug 
breakage, cessation of the machining process, cessation of the cooling water flow, 
which causes the temperature to rise and evetually, for extreme cases, breakage of the 
tool. 
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The tool used for the experiments shown in figure 5.8 was a 8mm outside diameter 
and a 2mm hole diameter. The penatration speed has been measured for the first mm 
when the tool was still new. The time was found to be 15 sec for the first mm which 
is about 4 -- penetration rate. For this tool, the material removal rate is about 190 mm 
nvn 
nun 
After the first mm drilling, the power supply of the ultrasonic vibration was switched 
off and it was observed that the drilling process was almost stopped. Switching on the 
power supply again the penetration speed returned to the previus value of about 15 
sec 
Again, the conclusion is that the addition of vibrations, when drilling ceramics, 
has a great influence on the material removal rate, which proves the value of using 
ultrasonic machining. 
From the results described in paragraph 5 which were obtained by machining alumina 
ceramics using centre hole diamond tools it appears that the prototype ultrasonic dev -
ice is operating satisfactorily but further development of the tool is necessaiy. It should 
be noted that the results described in paragraph 5 were not obtained under the 
optimum conditions of static force and rotation speed. Probably better results can be 
obtained after studing the effect of these parameters. Although no special attention was 
made to find the optimum conditions, it is considered that the results are quit impres-
sive and further work would probably improve them. 
6 Conclusions And Recommendation For Further Work 
Concerning the ulirasonic head, although it is working quite well and as expected, it is 
recommended that steps be taken to improve the run-out of the tool tip. This can be 
done by re-design of the components of the ultrasonic head reducing tolerances and 
higher accuracy to obtain a maximum run-out of not more than 0.03mm. 
From the machining point of view, it is recommended to avoid the formation of a cen-
tral slug by using solid drills or off-centre hollow drills. Where a centre hole hollow 
drill is needed, the drill should be diamond coated inside the hole as well as on the 
outer diameter and on its lower face. 
As the Bridgeport milling machine used for these experiments did not have provision 
for controlling the forces on the x-y axes,no milling experiments could be carried out 
but it seems that milling is a possible machining process if the forces are controlled. 
The present experiments were carried out with one diamond grit size (200/230 ASTM 
11; D76 FEPA) so further experiments should be carried with different diamond grit 
size (both larger and smaller grit size) to investigate the effect of this parameter on the 
material removal rate and the surface finish. 
In addition, further work is recommended in the following fields: 
(1) Machining (drilling) with slurry. Working with cutting media, the lower part of 
the outer cylinder of the ultrasonic head should not be used to protect the 
mechanical seals from the abrasive particals of the slurry. 
(ii) Machining of new composit materials such as reinforced metals and reinforced 
plastics. 
(iii) Combining ultrasonic machining with the electro chemical techniques such as 
ECM and EDM. 
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F1GUE : WITER. '1d1 'MS COW,p 
part part-name standard Jrow.no. material quantity 
1 Machine Chuck Bridgport milling 1. 
2 Arbo Bridgport 1 
3 Screw 1-6x20 Steel 4 
4 Adapting Ring 2 Mild Steel 1 
5 Screw 1e<.M-8<20 Steel 6 
6 Upper Outer Cylinder 3 Mild Steel 1 
7 Nippel 1/8>d/4" BSP.I NOTS-360543-11 Brass 1 
B Securing Nut 1 Mild Steel 1 
9 Arbor Adaptor 16 Mild Steel 1 
10 Isolating Cylinder 4 P.V.0 1 
11 Slip Ring 6 S.St.303 2 
12 Isolating Ring 5 P.V.0 I 
13 Screw 3ocket Cap M-5x12 Steel 12 
14 Lower Outer Cylinder 7 Mild SteeJ 1 
15 Inner Cylinder B Mild Steel 1 
16 Transducer Kerrys Standard Titanium 1 
17 Cylinder Roles BearingS.K.F NU1016 1 
18 Mech. Seals Housing 9 Mild Steel _1 
19 'o' 	Ring Seal J.M. 50-251 2 
20 Screw (without head) 1-4x10 Steel 1 
21 Bearing Holder 10 Mild Steel 1 
22 Screw Socket Cap M-4x12 Steel 6 
23 Mech.Seal holder 11 Mild Steel 1 
24 Bearing 	Tightener 12 Mild Steel 
45 Horn Holder-Supporter 13 Mild Stee] 1 
26 Screw Socket Cap M-5x10 Steel 6 
27 Horn Holder 14 Mild Steel 1 
28 Horn 15 Titanium 1 
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29 'o'Ring Seal J.M.50-227 2 
30 o'Ring Seal J.M.50-139 3 
31 oRing Seal J.M.50-146 2 
32 Mech.Seal screws Pioneer Weston S.St. 4. 
33 Nippel 1/4"xi/4°BSP.P ENOTS 36-054302 Brass 1 
34 Mechanical Seals Pioneer Weston SP1414 1 
35 Screw (without head) M-8x20 Steel 1 
36 Electrical Brushes LeCarbon Bougie v-10851 2 
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Aipendix II: Pneumatic Table 
1) Introduction 
The pneumatic table described here is a general purpos design 
for ultrasonic machining applications where a conventional 
milling machine is converted for ultrasonic drilling and 
milling.. The pneumatic table is mounted directly on the 
machine tool table. 
Unlike 	conventional 	machining 	techniques, 	ultrasonic 
machining requires light feed forces, about 1 to 3 Kg 
depending on the working surface area of the tool tip. Such 
small forces cannot be obtained with the drive provided to 
the table of a conventional machine tools due to the gear 
feed system employed. In order to reconvert the conventional 
machine for its original applications, an additional 
independent feed system is needed which can apply small 
contreolled forces to feed the tool towards the workpiece or 
conversely, to feed the workpiece towards the tool. 
Two relatively easy ways to achieve this requirment are by 
using pneumatic or hydraulic means. 
As compressed air is needed 	for the operation of the 
ultrasonic head developed for machining, it was decided to 
use the same compressed air source for the pneumatic table, 
and not to add an hydraulic oil circuit which will make the 
system more complicated and more difficult to use. 
In the particular work described here the pneumatic table was 
fitted to a Bridgport c.n.c milling machine and the dimension 
of the table chosen accordingly. 
- (I-E) a - 
2) Requirements 
The requirements of the pneumatic table are as follow: 
 Maximum possible vertical movement (at 	least 	4" 	on 
the available Bridgeport milling machine). 
 Maximum 	force 	sensitivity 	to 	enable good 	force 
control. 
 The pneumatic table should be capable of carrying 	a 
weight 	of 	0 	to 	30kg 	to 	be 	able 	to use 	heavy 
accessories like turning table, 	with 	a sensitivity 
of less than 1kg feed force. 
 Vertical 	movement should be as parallel as possible 
to the vertical axis of 	revolution 	of the 	machine 
tool. 
 For convenience, 	the length of the fixed plate of the 
pneumatic 	table 	should 	not 	exeed the machine-tool 
table. 




3) 	Design of the pneumatic table 
The 	length 	of the 	table of the Bridgeport milling machine 
which is used for the ultrasonic application is about 	850mm. 
So 	the 	maximum length 	of 	the pneumatic table had not to 
exceed this length. 
The plates of the pneumatic table are 	made from 	aluminium 
alloy in order to make the table as light as possible. 
3.1 - Description 
The pneumatic table consists of the following components: 
A fixed aluminium plate which is mounted on the milling 
machine table with the dimensions of 850x300 mm. 
Four pillars on which the moving plate is sliding 
mounted on the fixed plate mentioned above. 
3-. A vertical moving plate on which the workpiece is 
attached and which is sliding on the pillars mentioned 
above. 
Four linear bearings mounted on the moving plate to 
reduce 	friction between the moving plate and the 
pillars. 
A pneumatic piston which forces the moving plate (with 
the workpiece) towards the tool. 
A movement transmission rod to transmit the force from 
the piston to the moving plate. 
3.2- Design 
There are two possible ways in which to locate the pneumatic 
piston mentioned above as illustrated in figure 1 and 2. 
(a) The piston is located directly under the moving plate 
(figure 1). The advantages of this configuration are 
simplicity, no relative motion between the moving plate 
and the piston stroke and hence no friction, the force is 
directly proportional to the air pressure used, and the 




MCIII! 	ToOL.fP,L 	- 
R,c' MA)UMUh• 
Fig 1: Piston located under the moving plate. 
The disadvantage of this configuration is the minimum 
initial length required before starting to operate the 
table. As it is recommended to have at least 4" of 
vertical move, the minimum length of a piston which meets 
the requirements of 30 Kg force acting with pressure of 
100 p.s.i, the common pressure used for compressed air 
systems is about 4" plus stroke length which is also 4". 
Thus, the overall length of such a piston can be about 8" 
long. As the space between the tool tip and the lowest 
position of the machine tool table is less than 8", this 
kind of configuration could not be realised. 
(b) The piston is not located directly under the moving 
plate, and the forces and movements are transmited to the 
moving plate using a special rod as illustrated in 
figure 2. 
For this arrangement as illustrated in figure 2, the 
minimum initial height required (h-mm) is only the 
thickness of the plates and the transmission rod which is 
about 2" all together. 
In order to reduce friction between the transmission rod and 
the moving plate to the minimum possible, it is required that 
- 
the sliding distance of the contact point will be as short as 
possible. The calculation of the optimum height of the pivot 
is shown below and illustrated in figure 3. 
T 
Figure 2: Piston located outside the moving plate. 
0' c 
Figure 3: Optimum height of the pivot. 
The contact point is moving along the arc o-o. 
Vertical movement of the moving plate o'-o" (h). 
Horizontal sliding of the contact point o-o' (x). 
It is required that the sliding distance (x) will be the 
minimum possible to reduce friction. 
(1) 	 xo-o'=(R -H ) -R -(h-H) 
To find the minimum x, we have to derive x in respect to H 
and equalise it to 0, i.e. dx/dHO. 
After deriving and equalising to 0 we get: 
(2) 	 H (for mm x)h/2. 
It means that the height of the pivot should be equal to the 
half of the vertical movement distance of the upper plate. 
As mentioned above the vertical movement of the upper plate 
is about 100 mm (4"), thus the height of the pivot should be 
about 	50mm (2). In this case, the maximum horizontal 
movement of the sliding point will be as illustrated in 
figure 4. 
Figure 4: Pivot point at the half vertical movement distance 
(3) 	 yR-(R -H ) 
The piston chosen for this system is a Bimba piston 094-DP 
made by MK-Air Control, which has a 1-1/16" bore diameter and 
a 5/16" stroke diameter. The shortest length of the piston is 
206.6 mm (when totaly closed) and 308.2 mm when stroke 
maximum outside the cylinder. 
In order to get good force control, changes of angle between 
the piston stroke and the transmission rod should be as small 
as possible.So that the force acting against the tool remains 
constant during operation, independent of the position of the 
pneumatic table, and depends only on the air pressure 
supplied to the piston. This configuration is illustrated in 
figure 5. 
The dimensions of the upper plate was chosen, arbitrary, to 
be 400x300 mm in order to be able to use some large 
accessories, such as a turn table. 
T/ / ) 7-  
Figure 5: Geometrical illustration of the pneumatic table 
To support the upper plate on its centre, the length L2 
should be the half of the plate length, i.e. L2=200 mm, and 
the rod is at 45, thus : L1L2+H=250 mm. 
(4) 	 Q/2=arctang(H/L1)arctang(50/250) 
Q/211.3' 
From figure 5: 
00-D=308 cos(45+Q/2)= 171 mm 
AD308 sin(45+q/2)= 256 mm 




The overall length of the lower plate will, therefore, be: 
L(total )=L3+L1+L2 
L(total) 369+250+200= 819 mm 
As the machine tool table is about 850mm, this configuration 
will meet the requirement that the lower plate should not be 
greater than the machine tool table. 
Also from figure 5: 
(6) 	 R2= 50/sin(Q/2) 
R2= 50/sin(11.3') 255 mm 
Figure 6: Force Transmission 
Figure 6 illustrates the force transmission where at point A 
the direction of the forces are shown at the extreme 
positions, as follows: 
is the direction of the force when the transmission 
rod is at Q45' i.e.the upper plate is at its lowest 
position. 
F2- is the direction when the rod is at its middle 
position, and then the force is perpendicular to the 
transmission rod. 
is the direction when the rod is at its extreme lowest 
position,i.e. the 	upper plate is at its highest 
position. 
For the case of F2: 
F2=F1*L1/R2 
where Fl is the acting force, the force which the tool is 
pressing the workpiece. 
As for F3 and F4, the perpendicular components of these 
forces which are responsible for pulling the transmission 




Hence if the pulling force of the piston remains constant 
(constant pressure),the changes of the forces acting at point 
A will change at the rate of +-2 This is relatively very 
small, and it can be assumed to remain constant as machining 
is progressing. 
As mentioned before, it is very important, when machining by 
ultrasonics, to control the forces 	as 	accurately 	as 
possilbie, i.e. to have high sensitivity of the 	force 
control. 
As we are using an air piston to control the forces, the bore 
diameter of the piston should be as small as possible so 
that the pressure used is high to reduce the inaccuracy of 
the force control.The piston area should be as small as 
possible, but large enough to be able to carry the required 
acting forces. In order to use the smallest possible piston, 
the force F2, mentioned above, should be as small as 
possible. As F2 decreases when R2 increases, the piston was 
chosen in such a way to have: (i) the maximum R2 possible; 
(ii) the required change of the angle of the transmission rod 
(11.3); (iii) the minimum change of the relative angle 
between the piston stroke and the transmission rod, and 
finaly (iv) the overall.length of the lower fixed plate to be 
'equal or smaller then the machine tool table. 
As calculated before: L1250mm, and R2255mm 
From equation (7): F2F1*L1/R2F1*250/2550.98F1 
But also: (8) 	 F2A*P 
where A is the effective area of the piston and F is the 
pressure. 
For the chosen piston A= 0.81 sq.in 5.225 sq.cm 
From (8): 	 A*P=0.98F1 
F1=A*F/0 98 
A pressure of 0.2 bars is not very difficult to control, thus 
the force sensitivity will be: 
F1=5.225'K0.2/0.98=1 Kg 
As the standard air pressure of compressors is about 100 psi, 
the maximum force one can obtain from such a piston is: 
Fl max0.81*100=811b =37Kg 
As it can be seen, these results meets the requirements 
mentioned above. 
Stress Calculations 
The only place where stress failure can occur is at the pivot 
point of the transmission rod. 
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Figure 7: Forces acting on the transmission rod 
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Figure 8: Eqvivalent transmission rod 
The maximum moment: 
M=2*F*L/2 




Where I, is the moment of inertia at the hole origin, and is 
calculated found from: 
1(b*a /12)-(pi*d /64) 
Finally: 
CF*L*(a/2)/(b*a /12)-(pi*d /64) 




The maximum permitted stress of mild steel 
C=2700 Kg/sq. cm  
assuming safty a coefficient of n2 
Finaly we get: 
C/n=1350=30*25*(a/2)/;(1*a /12)-(pi*0.635 /64), 
a=2 cm 
The rod chosen was square cross sectional of 3/4 	made of 
mild steel. 
The final design of the pneumatic table is shown in figure 
(9). Special attention was given to the mounting of the 
pillars in order to be sure that they will be parallel to the 
axis of symmetry of rotation of the milling machine. 
The detailed design, as shown in the appendix, have been 
completed 	according 	to 	the 	above 	calculations 	and 









FIGURE 9 : The lower position of the upper plate. 
FIGURE 1: The upper position of the upper plate. 
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